Abstract. This paper presents the use of real time simulation applied to the development of generic wind turbine models, defined by IEC 61400-27-1, which are used in order to obtain an accurate behaviour under power system stability concerns without the need of many computation resources.
Introduction
According to the Global Wind Energy Council, in 2015, there were installed around 433 GW of wind energy around the world [1] . This means that wind power is a mature technology.
However, as a renewable energy resource, wind energy is difficult to manage, due to the unpredictable behaviour of its primary energy. Renewable energy control centers (such as CECRE in Spain) and research institutes, need new tools and resources to make possible the integration of wind energy into the electric system [2] . One of the most usual tools is the simulation of wind turbines and wind farms, in order to study the influence of these renewable energy sources into power system and grid stability [3] .
Simulation is widely use to anticipate the behaviour of wind farms around the world. Problems such as voltage sags, power ramps, storms… must be simulated in order to prepare the electric system facing those issues [4] .
Since some models may be extremely complex, traditional simulation methods are not powerful enough to cover current power system needs. In this sense, new tools, such as real time simulators, are more and more used nowadays.
In this paper, it is shown how generic wind turbine models, which are based on the guidelines imposed by the recently published IEC 61400-27-1, have been implemented [5] . Simulations will be conducted by a real time simulator, and the addition of physical devices is also included.
Generic wind turbine models
Four types of generic wind turbine (WT) models, which represent the most installed WT technologies, are defined by IEC 61400-27-1 [6] - [8] :
 Type 1: WT with directly grid connected asynchronous generator with fixed rotor resistance (typically squirrel cage).  Type 2: WT with directly grid connected asynchronous generator with variable rotor resistance.  Type 3: WT with doubly-fed asynchronous generator (directly connected stator and rotor connected through power converter).  Type 4: WT connected to the grid through a full size power converter.
Generic models are designed to be used in power system stability analysis. Its main purpose is to obtain an enough accurate response of the WT, without the complexity of more detailed models.
Generic WT model parameters can be specified in order to adjust its response to a specific model of WT. Parameters can be obtained from manufacturers or adjusted manually to fit a desired response [9] , [10] .
In the present work, generic WT models have been modelled into MATLAB/Simulink [11] , as the real time simulator uses this program as its basis. Later, these models must be adapted to the characteristics of real time simulation.
Real time simulation

A. Introduction to real time simulation
Real time simulation (RTS) responds to the need to improve conventional simulation methods. The flexibility which offers modelling in Simulink turns RTS in a tool which can fit with almost any engineering application. RTS can be applied to multiple areas, such as power generation, automotive, ships, trains, aerospace, mechatronics… While a computer is conducting a simulation, it is usually running a lot of processes, which can interfere with simulation, making it slower. A real time simulator is a machine which is specifically working in the simulation of a model. It allows not only to simulate faster than a conventional computer, but also to establish a link between simulation time and real time [12] .
Real time simulation allows fast prototyping. Parameters can be changed while simulation is running, and hence, the response of the model can be analysed in real time, without stopping and restarting the simulation.
The interaction with real world devices makes possible the simulation of the controller of a plant into the real time simulator, while it is connected to the physical plant. This is known as rapid control prototyping (RCP) and it is shown in Figure 1 . Hardware-in-the-Loop simulation (HIL), happens if a physical controller is connected to a plant modelled into the real time simulator [13] . This is shown in Figure 2 . This kind of simulation is very useful in order to make a fine adjustment of the physical controller without stopping the plant. Finally, if the controller and the plant are both simulated into an enough powerful simulator, it is known as Software-in-the-Loop (SIL). Since the full WT models have been simulated into the real time simulator, this is the type of application which has been used in this paper. A scheme for SIL is shown in Figure 3 . In SIL simulation, if physical signals are not needed, the simulation can run as fast as the simulator allows. The model does notneed to be coordinated with real time, as the full system is simulated by the device.
The model of real time simulator that has been used in this work is OP5600, from the trademark OPAL-RT Technologies. The structure of this equipment is modular. Each particular device can be adapted for each application. For example, the CPU has six cores available, but the model used in this paper only has one of them activated. Up to 4 FPGAs can be installed, however, one is activated in our device. Even software can be chosen in agreement with the specific application. This model allows a minimum time step of 16µs.
The real time simulator must be connected to a host PC, by an Ethernet cable, which runs the software RT-Lab. RT-Lab is the software developed by OPAL-RT. This tool allows to edit, build and load the model into the simulator. It is also possible to change parameters on-thefly while simulation is running, initialize the model from an external script, visualize results through virtual scopes…
For RTS, fixed-step solvers must be used in order to know the exact duration of each step. Within this time, all the operations of the model must be solved. These operations include the lecture of physical inputs, the calculation of the equations of the model and the generation of physical outputs. If all these operations can't be done within a step, an overrun happens, and the simulation is considered erroneous.
For fixed-step solvers, time step must be carefully selected. If it is too big, the precision of the response may be insufficient. Nevertheless, if it is too small, overruns can occur.
Algebraic loops, which are extremely usual in control systems, can not be directly solved by fixed-step solvers. A detailed study of the solutions which can be adopted to solve them must be done, in order to avoid stability or misbehaviour problems.
B. Interaction with real world
The relationship between simulation time and real world time allows the utilization of physical signals to interact with the model. Voltage level is acquired, or stablished, at each time step. This operation must be done within the time step interval, in order to avoid overruns.
The following physical devices have been used in the present work for developing and testing the response of the WT models while simulation is running in real time:
 Cup anemometer: Used to obtain the wind speed signal input to the model. To use the signals acquired by the FPGA, some special blocks from RT-Lab must be inserted into the model. The most important block is shown in Figure 4 . This block is the responsible for the communication with the FPGA.
Figure 4: OpCtrl block
Board index indicates which FPGA is controlling the block (up to 4 can be installed in the device), the control mode (master/slave) is also indicated by each FPGA. Into its internal options, the files provided by the manufacturer which allow the communication with the FPGA, must be indicated.
For using analogical input signals, a specific block, shown in Figure 5 , must be inserted. The output signal must be demuxed. Each signal from the mux block is the voltage level adquired from a pair of wires of the RJ45/DB37 connector. For analogical outputs, a similar block to the shown in Figure 5 is used. This block is shown in Figure 7 . The desired signals which want to be used as outputs are muxed, and the output of this mux block is the input of the output block.
The voltage range of the output can be selected (±5V, ±10V, ±16V), and hence, it can be addapted to the device that is connected with the simulator. If any input or output exceeds its voltage range, it is saturated.
C. Real Time Simulation example
The model shown in Figure 8 has been designed in order to show some capabilitiesof RTS. A pulse voltage signal has been applied as an analogical input to the model. This signal goes through a first-order (low-pass) filter, which transfer function (H(s)) is defined by (1).
Simulink has implemented a Transfer Function block, nevertheless, the inner parameters of this block can not be modified during the simulation by RT-Lab. The purpose of this example is varying on-the-fly the time constant of the filter (τ) in order to show how this variation modifies the output signal. Hence, the transfer function of the filter has been transformed into the differential equation form as (2) (3) (4) (5) .
Thus, the variation of the gain parameter, which is allowed by RT-Lab, modifies the time constant of the filter. Finally, the output signal goes through the analogical output block in order to show it in any device. The results of the simulation that was conducted are shown in Figure 9 . The input to the filter is a pulse signal, with a period of 2 seconds and a duty cycle equals 25%. Initially, the gain parameter (1/τ) value is equal to 1. At, approximately, 7 seconds, this value is changed to 10 onthe-fly with RT-Lab, and as it can be seen, higher armonic components of the pulse signal can pass the filter, and the output signal resembles more to the input signal. Finally, when the gain parameter is changed to 100, both signals are almost the same, as most of the armonic components of the input signals goes through the filter.
In this example of application of RTS, its behavior and advantages are shown. The parameters of the model are changed while the simulation is being conducted, and a fine adjustment of the filter can be done without resetting the simulation for each value. However, it is also shown one of its main disadvantages: the models that are used for conventional simulation may not work for RTS. A careful study must be done in order to avoid problems and to get a full functional model that deservers the economical and extra-work effort that RTS implies. 
D. RTS applied to generic WT models
The development of generic WT models which can be simulated in real time is important, due to the needs of electrical system operators, that perform real time analysis of the national power system to assure the correct operation of the grid [14] .
The utilization of physical devices, such as the cup anemometer or the button that is used to create voltage dips in a fast way, has allowed a faster development of the models.
The assembly that was made to simulate voltage dips with the generic models, using these devices, is shown in Figure 10 .
The input of the anemometer can be disabled if a constant wind speed signal is needed [15] , [16] . While simulation is running, a voltage dip can be made in any time with the use of the button. The response of the WT is shown in the physical scope, and also can be observed in a virtual console of RT-Lab. 
Conclusion
Real time simulation involves a new way to understand simulation. The development of models can be done in a dynamic method, adjusting its parameters while its behaviour can be observed without stopping the simulation. Furthermore, the link that can be stablished with the physical world allows a deeper interaction with the models.
The applications of RTS are almost unlimited, but one of the most important is its application to renewable energies, for example, with the development of the models defined by the recently published IEC 61400-27-1.
